'Click reactions' are the copper catalysed dipolar cycloaddition reaction of azides and alkynes to incorporate nitrogens into a cyclic hydrocarbon scaffold forming a triazole ring. Owing to its efficiency and versatility, this reaction and the products, triazole-containing heterocycles, have immense importance in medicinal chemistry. Copper is the only known catalyst to carry out this reaction, the mechanism of which remains unclear. We report here that the 'click reactions' can also be catalysed by silver halides in non-aqueous medium. It constitutes an alternative to the well-known CuAAC click reaction. The yield of the reaction varies on the type of counter ion present in the silver salt. This reaction exhibits significant features, such as high regioselectivity, mild reaction conditions, easy availability of substrates and reasonably good yields. In this communication, the findings of a new catalyst along with the effect of solvent and counter ions will help to decipher the still obscure mechanism of this important reaction.
Introduction
Reactions to produce small building blocks from selective components are synthetically highly demanding [1] [2] [3] (I)-catalysed Huisgen dipolar cycloaddition reaction of terminal alkynes with azides yields 1,4 and 1,5 triazoles [4, 5] . It is the most convenient method for the synthesis of triazoles, which are widely used in chemistry, biology and materials science [6] [7] [8] [9] . In such cycloaddition reactions (also known as click reactions), the products are obtained in very high yields with little or no by-product [10] [11] [12] . Click reactions can be performed under many conditions and are least affected by the nature of the other functional groups [13] . For these reasons, click chemistry has made a great impact in the pharmaceutical and synthetic world [14] . In the past years, considerable efforts have been made to enhance the efficiency and general applicability of this reaction [15, 16] . All kinds of copper catalyst systems including the Cu/Cu 2 O nanoparticle catalyst systems have been developed to facilitate click chemistry and also to expand the substrate scope [17] [18] [19] [20] . Nevertheless, the current transformation catalysed by silver salts and its mechanism have remained largely unexplored. Recently, Erick Cuevas [21] has described a process for the synthesis of 1,2,3-triazoles by using silver chloride and silver N-heterocyclic carbene complex. Abdul Aziz et al. [22] synthesized 1,4-disubstituted-1,2,3 triazoles by using AgN(CN) 2 catalyst at room temperature. The use of silver (I) oxide nanoparticles and different silver (I) complexes was also reported for the synthesis of 1,4-disubstituted-1,2,3 triazoles [23] [24] [25] . In this work, we have demonstrated the catalytic activity of silver (I) in the Huisgen cycloaddition reaction of azides and alkynes and also a general computational investigation has been carried out to study the mechanisms of the silver-catalysed triazole formation reaction. It is noteworthy to mention here that the catalytic activity of Ag(I) species is remarkably controlled by its conjugate anion. This may be the reason for the better chemical yield over Cu(I) salt-catalysed reactions. Silver chloride salt in this reaction produces clean products with high yield. We have also explored the mechanism of this important transformation using quantum mechanical computations.
Results and discussion
In this study of the synthesis of silver-catalysed triazole compounds (3a-l), we screened several silver salts as catalysts for the click reaction ( The structures of all the synthesized triazole compounds (3a-l) were established spectroscopically by FTIR, 1 H NMR, 13 C NMR and HRMS (electronic supplementary material). After having the optimized condition in hand, we turned our attention to the one pot intramolecular triazole synthesis reaction. The four step reaction was initiated by converting the amine to the corresponding diazo compound followed by in situ displacement of the diazo group by azide resulting in compound 5, scheme 2.
Thus, 1-azido-2-prop-2-ynyloxymethyl-benzene (4) undergoes intramolecular reaction to form 4H,6H- 
Density functional theory calculation
GAUSSIAN 09 Revision C.01 software was used for the quantum mechanical calculations. All the geometry optimizations were performed in vaccuo at density functional theory (DFT) level of theory using B3LYP/3-21G basis set for all the atoms. Molecules were drawn in GAUSSVIEW 5. For theoretical calculations, the silver-catalysed 1,3 dipolar cycloaddition of methyl azide with propyne was studied. As proposed recently, for calculations we consider the involvement of the silver-centred acetylides, and the charge of the complexes was neutralized by adding chloride ions [26] . The initial guess of the transition state (TS) was obtained by scanning the N3-C4 and N1-C5 distances on a stable pre-reaction complex. All the other coordinates were relaxed during the scan. The TS was optimized using Berny algorithm (opt = ts) at the same level of theory. Molecular orbitals were calculated on the geometry optimized structures at the same level of theory. Coordinates for the optimized geometries are given in the electronic supplementary material. Relative energies were calculated with respect to the most stable pre-reaction complex. The energy values were converted to kilocalories per mole from Hartree per particle using the conversion factor of 627.509467.
The Ag-catalysed reaction process has been modelled using quantum mechanical calculations. Figure 1a shows the potential energy landscape for the 1,4 disubstituted cycloaddition reaction. From the energy landscape, it appears that N3-C4 bond formation occurs at first, which then facilitates the N1-C5 bond formation. The saddle point in this potential energy landscape, which indicates the TS, is also highlighted in figure 1a . Figure 1b ,c shows the reaction coordinates for N3-C4 and N1-C5 bond formations, respectively. The saddle point coordinates were used as initial guess for the TS optimization. Figure 1d shows the optimized geometry of the TS structure. Electron densities in the highest occupied molecular orbital (HOMO) at the TS are depicted in figure 1e . From this TS, the activation energy for the Ag-catalysed 1,4 disubstituted cycloaddition was computed to be 18.52 kcal mol −1 . Optimized geometry of the product, i.e. after the N3-C4 and N1-C5 bond formation, is given in figure 1f . The Gibbs free energy for this two bond formation was found to be −37.51 kcal mol −1 . Figure 1g shows HOMO of the reaction product. It has been established that the click reactions are catalysed by dinuclear metal centres [16, 27] . The detailed DFT analysis of the of copper-catalysed click reactions has also been reported previously in the literature [26] . According to the detailed DFT analysis by Cantillo et al. [26] , the energy barriers for the uncatalysed azide-alkyne coupling in the absence of copper (I) species was approximately 36 kcal mol −1 , whereas in the presence of a dinuclear copper centre the barrier leading to the 1,4-disubstituted triazole formation becomes approximately 16.0 kcal mol −1 which is comparable to the silver-catalysed reaction. However, the opposite regioisomer formation (1,5-approach) proceeds with a higher barrier, thus accounting for the observed regioselectivity [26] . Further, the comparison of the TS in silver-catalysed click reaction shows a very similar structure to that reported in the presence of the copper. In the presence of silver the N3-C4 and N1-C5 distances were calculated to be 1.61 Å and 3.01 Å, respectively (figure 1d), whereas in the presence of copper the N3-C4 and N1-C5 distances were 1.74 Å and 2.87 Å, respectively. N1-Cu distance was 2.01 Å, whereas the N1-Ag distance was computed to be 2.15 Å. In both the cases, the TS structures were planar in geometry.
Conclusion
We have reported a silver catalyst for click reactions illustrating the transformations which are experimentally simple, robust and reliable. We have successfully developed an AgAAC catalytic reaction method for the cycloaddition of different acetylenes with azide compounds. This reaction exhibited good general applicability and regioselectivity with a variety of acetylenes and azide compounds under mild conditions. We have also explored the mechanism of this reaction using DFT, which suggested the involvement of a dinuclear silver centre, which is also reported in copper-catalysed click reactions.
General procedure and characterization data
To an alkyne substrate (10 mmol) in THF (10 ml) was added AgCl (2 mmol), TEA (50 mmol) followed by azide substrate (12 mmol), and the reaction mixture was stirred vigorously at 60°C for 4 h. The reaction mixture was extracted with ethyl acetate, and washed with brine solution. After that the organic layer was separated, dried over sodium sulfate, filtered and evaporated under reduced pressure. The residue was finally purified by column chromatography (silica gel 100-200, ethyl acetate-hexane) to obtain the corresponding triazole compounds in 68-87% yield. Authors' contributions. S.K.P., U.P., B.B. and N.C.M. conceived and designed the experiments. S.K.P., U.P., K.C. and S.K.K.
performed the experiments. All the authors analysed the data. S.K.P. and U.P. drafted the manuscript. All authors read and approved the final manuscript.
